Abstract-High-quality orthophotos are essential elements in cartographic databases that are required for engineering projects. Urban areas usually have many tall buildings, causing occlusions in aerial images. These occlusions can be severe depending on the height of the buildings, geometry of the imaging system, and image acquisition viewpoint. A product where no occlusion areas appear is called true orthophoto, and occlusion detection is a key step in its generation. This process requires a set of aerial images and surface representation, together with metadata and acquisition system information. This letter addresses a new approach for occlusion detection. The central idea that allows the development of the proposed method is based on the analysis of the surface height gradient at certain sampled directions, guiding the identification of occluded regions in the aerial images. A novel metric is introduced based on the height gradient computed along an available digital surface model, which can be obtained by different techniques. The refinement of the occlusion area is made by applying one morphological operator, aiming to fill some gaps in the detected occlusion areas. In order to validate the proposed approach, simulated and real data were used. The quality assessment was based on both visual and numerical analyses. For this methodology, the numerical analysis showed high completeness and correctness values, indicating that the proposed approach works properly.
I. INTRODUCTION
N owadays, geospatial data have a fundamental importance in a wide range of engineering projects, and remotely sensed images have been used almost exclusively for geospatial data generation. Several urban applications need these images, such as urban planning and change detections.
The orthophoto is free from errors caused by relief displacement and platform attitude. In order to transform an aerial or orbital image into a conventional orthophoto, it is necessary to have the camera model, along with its interior orientation parameter (IOP) and exterior orientation parameter (EOP), and a digital terrain model (DTM), which represents only the terrain surface. Orthophotos portraying urban areas with many tall buildings tend to show them projected onto the terrain. As a result, many targets, such as streets, parks, and low buildings, are partially or totally occluded by these tall buildings. These unrepresented portions in conventional orthophotos are the so-called occlusion areas. The occlusion detection is very important since these areas prevent complete interpretation and extraction of spatial information.
In order to mitigate the drawback discussed earlier, related to the use of conventional orthophotos in urban applications, it is necessary to replace the DTM by a digital surface model (DSM) in its creation. The DSM represents the terrain and also all the objects above the ground, such as buildings, trees, and bridges. The DSM may be obtained by light detection and ranging (LiDAR) technology [1] and also by others techniques such as the dense image matching [2] . The use of a DSM allows the generation of a special category of orthophoto-the true orthophoto. In this product, all targets are represented in true orthographic positions, no matter if they are on the ground or aboveground.
As mentioned, the key step for true orthophoto generation is the occlusion detection. If an occlusion area is identified, the gray levels of its pixels are obtained by looking for a corresponding area not occluded in available adjacent images. Thus, a visibility analysis is accomplished to find the occluded areas in all adjacent images. The true orthophoto is completely generated after filling all occlusion areas with the proper radiometric information [3] - [5] .
Although the orthophoto generation process is well known, it is still being studied by the scientific community, as can be seen in recent works [5] - [11] . Most research efforts have been concentrated in the main bottleneck of the true orthophoto generation process: occlusion detection. Another point that highlights the importance of these research studies is that few digital photogrammetric workstations (DPWs) have a module dedicated to automatic generation of true orthophotos, as can be seen in [12] . This is an indication that research is still necessary to increase the use of photogrammetric applications with efficient tools for true orthophoto generation. Some of these DPWs use a digital building model (DBM), where 3-D models represent all features in an urban scene. The main disadvantage of using a DBM in true orthophoto generation is the high cost and time consumption necessary to produce this type of model.
Existing methods for this purpose are based either on the Z-buffer method and its variations [5] - [8] or on the angle-based method [7] - [10] . The Z-buffer method compares distances between the perspective center (PC) and the DSM cells that are competing for the same image pixel-the closest DSM cell is labeled as visible. The angle-based method analyzes sequentially the off-nadir angles to the straight line formed by the PC and the DSM cells in a radial direction starting from the nadir point-a sudden decrease of the angles indicates an occluded cell. A common drawback of both methods is the need of analyzing all cells in a gridded DSM. Particularly, the Z-buffer method presents the false visibility problem when applied to scenes with tall and narrow buildings, which is not a problem for the angle-based method [7] , [10] .
In view of the motivation discussed earlier, this letter proposes a novel method for occlusion detection in aerial images. It is based on the analysis of DSM height gradients along a specific direction followed by the postprocessing by using mathematical morphology. This letter extends the work of [11] and is organized as follows: Section II presents the proposed method for occlusion detection; Section III presents and discusses some results and comparisons; and Section IV finalizes this letter with the presentation of the main conclusion and future work.
II. HEIGHT-GRADIENT-BASED METHOD
As aforementioned, the key point in true orthophoto generation is to locate the occlusion areas, which can be accomplished by different techniques. In this letter, we propose the use of the height-gradient metric. In order to introduce the basic idea of this metric, let us consider DSM profiles taken in radial directions from the nadir point. The height gradients between adjacent cells are computed for each profile. The gradient attribute has the following useful property: the initial point of each occlusion segment has a negative height gradient. This means that the height gradients along radial directions are useful for determining initial points of occlusion sections. After determining an initial occlusion point by the criterion of negative height gradient, a simple geometric operation is necessary for determining the end of occlusion for each radial direction. This procedure enables determination of the extension of an occlusion in a specific radial direction. The whole occlusion area is then determined by analyzing successive adjacent radial directions. Details on the proposed method are presented in the next sections.
Profile Determination: For each groundel (ground element or DSM cell) on the DSM border (underlying DSM portion corresponding to the image) connected to the nadir point, i.e., PC (see Fig. 1 ), it is possible to determine one radial direction using Bresenham's algorithm [13] . Since the point PC is unique for one specific image, the radial profiles can be obtained by connecting the fixed PC to each groundel on the image border, assuming that the DSM covers the entire image.
Gradient Computation: The coordinates (X, Y, Z) of each groundel on a DSM profile are known in the DSM coordinate system. However, as a DSM profile is two dimensional, the position of each groundel can be defined using only two coordinates, i.e., distance r between the point PC and the selected groundel and the height Z of the same groundel. In order to compute the height gradient between every two consecutive groundels in one profile, it is assumed that the selected profile is composed of n groundels having each one a Z i value (i.e., the altitude), with i = {1, 2, . . . , n − 1, n}. From these definitions, the height gradient (∂Z/∂r) at each groundel along the selected profile is approximate by finite differences, as follows:
where r i is the position of the ith groundel along the selected profile.
In this way, every groundel can be labeled with a positive or negative sign, in accordance with the sign of the derivatives, i.e., if ∂Z/∂r > 0 or ∂Z/∂r < 0, respectively. The positive gradients correspond to the profile segments having growing altitudes. Furthermore, these positive gradients are visible from the PC. On the other hand, negative gradients correspond to the profile segments having decreasing altitudes. However, the negative gradient is a helpful attribute for localizing the first groundel of an occluded profile segment from the PC viewpoint (see Fig. 1 ). This property enables us to formulate the following rule: First occurring groundels with negative gradients are the initial points of occluded profile segments. As shown in the next section, the initial groundels of occluded profile segments are the key point for determining the endpoint of every occluded profile segment.
It is important to mention that some factors, such as artifacts resulted from the interpolation process for generating the DSM, low density and accuracy of points obtained by an acquisition process (for example, LiDAR), etc., may generate an undesirable effect that prejudices the initial occlusion groundel identification by the height-gradient method. All these effects may cause false height gradient signs and, consequently, false occlusion identification, which may generate unexpected results, such as false visibility. As a result, detected occluded areas usually require some postprocessing steps for refining them, which will be the subject of the last topic of this section.
Determination of Occlusion Endpoints: In order to know the entire occluded profile segments, it is necessary to determine their endpoints. Fig. 1 presents the principle of the proposed method for determining the endpoint of an occluded profile segment. The initial point (A) of the occlusion is located on the boundary of the building, where the height gradient is negative. It can be seen that from the PC viewpoint, the endpoint of this occlusion is located at point B. As shown in Fig. 1 , point B can be defined as the intersection between the straight line, containing point A and its image point (a), with the DSM.
The necessary elements for the endpoint computation (B) of any occlusion segment are as follows: the coordinates (X A , Y A , Z A ) of point A in the object space, the EOP, the IOP, and the groundel coordinates of the radial profile.
To calculate the correspondent image point of A, it is necessary to do an intermediate mathematical transformation. The image coordinates (x a , y a ) of point A are computed based on the collinearity equation [18] , as follows:
where f is the focal length of the camera; m ij are the elements of the rotation matrix M , which are computed as a function of attitude angles of the camera at the image exposure time; and X 0 , Y 0 , and Z 0 are the coordinates of PC at the image exposure time.
The EOPs (attitude angles and PC coordinates) can be estimated by the aerial triangulation process or space resection, or it can also be obtained by a direct georeferencing using the Global Navigation Satellite System and Inertial Measurement Unit systems embedded in the imagery acquisition system. The final step involves projecting the image point (x a , y a ) obtained by (2) onto the DSM, thus obtaining the endpoint B of the occluded profile segment. This can be efficiently accomplished by the Makorovic monoplotting method [15] . This method is based on the inverse collinearity equation [14] , i.e.,
In this equation, all variables are known, except the height Z B . Makorovic's algorithm [15] solves this problem iteratively, starting with the height of point C on the ground (see Fig. 1 ). Using the definition of the height gradient given by (1), the height of point C can be estimated by the following equation: As shown in Fig. 1 , points A and B correspond to the initial groundel (in red) and the end groundel (in yellow), respectively. These two groundels, along with the interior groundels (in dark gray), define an occluded radial segment. Groundels labeled as visible and invisible form a 1-D structure known as the visibility map for a radial direction. This structure, which is extended to all radial profiles, results in a 2-D visibility map, or simply visibility map for the entire image.
Refinement of Occlusion by Mathematical Morphology:
This proposed occlusion detection method results in a radial line pattern effect [see Fig. 4(b) ]. There are two main reasons for the appearance of this effect.
First, as the radial profiles converge at the nadir point (PC ), superposition between adjacent radial profiles occurs near this point, and gaps between adjacent radial profiles become progressively larger in the direction of the DSM border. This means that gaps' effect is not critical near the PC , but it increases when moving away from it. A possible solution for the gap problem is the densification of radial profiles, but it can increase the computational effort.
Second, as described in Section II, some radial directions may not have initial occlusion groundels correctly associated with corresponding radial direction, resulting in false visibility. This leads to radial gaps in the visibility map.
Both types of radial gaps can be efficiently filled a posteriori by applying appropriate mathematical morphological operators [16] , without any significant increase of computational effort. Basically, we propose the use of a simple morphologic dilation operator with a structuring element in a cross format (dimension: 3 × 3) to fill the occlusion gaps detected along adjacent radial profiles. It is relevant to highlight that this morphological operation is applied only to occluded segments of the binary visibility map.
III. EXPERIMENTS AND DISCUSSION
The experimental analysis of the proposed method was based on simulated and real data. In the following, we present and discuss the obtained results and some comparisons with anglebased and Z-buffer methods.
Experiments With Simulated Data: The validation of the proposed method using simulated data was based on a DSM representing a 3-D scenario [see Fig. 2(a) ]. It is composed by a simple 3 × 3 tall-building configuration on a flat surface. The generated gridded DSM contains about one million points, with a resolution of 1 m. This configuration is similar to the one presented in [7] , thus allowing a relative comparison between both results.
Figs. 2 and 3 present the data and the results obtained by the proposed height-gradient-based method.
By comparing the results shown in Figs. 2 and 3 with those obtained by the angle-based method in [7] , it is possible to realize that both results show the same pattern, varying only in their extensions, which may be different due to the use of different flying heights or different building heights, or both.
Experiment 1 With Real Data:
The first experiment using real data was made with a pair of digital aerial images at an average scale of 1:10 000 and with a ground sample distance (GSD) of about 0.07 m and a 0.07-m resolution DSM in a rugged terrain area, which was generated by using a LiDAR point cloud with an average density of 8 points/m 2 . The DSM was created using a triangulated irregular network structure to interpolate the grid altitudes.
The result of occlusion detection obtained for the experiments is presented step by step in Fig. 4: (a) gradient map: positive gradient (blue), negative (red), and end of occlusion (black) obtained by the proposed method; (b) occlusion lines connecting the beginning of the occlusion and its estimated end (obtained in step a); (c) occluded area refined by the morphological dilation operator.
Experiment 2 With Real Data:
The second experiment was carried out by using an aerial image (GSD ≈ 0.11 m) at an average scale of 1/1000 and a DSM with a resolution of about 0.11 m. The data set is the same used by [7] . This allows a relative assessment between the results obtained by the angle-based, Z-buffer, and height-gradient-based methods (see Fig. 5 ).
Quality Analysis of the Proposed Method: In general, the results obtained by using simulated and real data showed that the proposed method works properly. Results presented in Figs. 2 and 3 allow a visual analysis regarding the coherence and also a comparison with the angular-based method, which was presented in [7] . On the other hand, the results using a real data set show correct occlusion detection and also clear improvement by using the morphological dilation operator in the refinement process.
As shown in Fig. 4(c) , the morphological dilation operator successfully repaired the gaps between segments of occluded Afterward, the quality assessment of the obtained results was computed based on the following indicators: the completeness and the correctness. Both indicators are computed from the occlusion areas automatically, which were extracted by the proposed algorithm, and a corresponding reference polygon was manually extracted by an operator. Completeness measures the percentage of a reference polygon detected as an occlusion area by the method being evaluated. Correctness measures the percentage of elements detected as occlusion by the method, which is in fact inside the reference polygon. Additional details can be found in [17] and [18] .
Based on these indicators, a quantitative assessment of the result was carried out for the initial occlusion [see Fig. 4(b) ] and final occlusion areas [see Fig. 4(c) ]. The reference polygon was created manually for the occlusion area in this assessment. Table I shows the quantitative assessment values for the first experiment.
It is possible to verify that the use of the morphological dilation operator increases the completeness value significantly. This improvement is useful for true orthophoto generation, because the more complete the detected occlusion areas, the better the true orthophoto will be. On the other hand, the correctness decreases with the use of a mathematical morphological operator. However, this reduction does not affect the results, because even if a portion is labeled as occluded, it will be refilled in the true orthophoto using radiometric information from adjacent images. Fig. 5 shows a comparison among the methodology proposed in [7] -the angle-based method [see Fig. 5(a) ], the Z-buffer method [see Fig. 5(b) ], and the new approach presented in this work [see Fig. 5(c) ]. It is possible to verify the coherence in the results, as well as compatibility between angle and heightgradient-based methods, mainly for the tall buildings, which are responsible for most occlusion areas. The proposed method utilizes a threshold to identify the negative gradients. This is the reason why the trees or low buildings, which do not have so much impact on the true orthophoto, are not detected as the beginning of occlusion. The proposed method also shows the capability to overcome the drawback presented in the Z-buffer method.
Assuming all occlusion areas were delimited, the corresponding digital number of each pixel can be transferred from adjacent images, aiming the generation of the true orthophoto. This search for the correspondent image pixels in the adjacent image was done for Experiment 1. Fig. 6 (a) presents the true orthophoto generated by using the initial occlusion area [see Fig. 4(b) ]. Fig. 6(b) shows the true orthophoto using the final occlusion areas obtained after applying the morphological refining approach [see Fig. 4(c) ]. It is important to highlight that some pixels of the true orthophoto keep appearing in cyan color (occlusion areas). This happens because these pixels are not visible in any image from the set of images used in these experiments. Fig. 6 shows that the postprocessing of the occlusion areas by using the morphological dilation operator was very useful and efficient. The improvement of the results by applying the morphological dilation process is clear.
IV. CONCLUSION AND FUTURE WORK
Occlusion detection is a key point in true orthophoto generation. Some methods for this detection can be found in the literature, and each method has its own characteristics. An alternative metric for occlusion detection is proposed in this letter. This metric is based on the height gradient that can be used to obtain the beginning of the occlusion area in radial directions. To minimize the occurrence of spurious gradients due to noises in the DSM data and DSM densification, and to fill the occlusion areas, a morphological postprocessing step was introduced.
Experiments using synthetic data showed that the results obtained with the proposed method and the angle-based method are coherent and similar. For the experiments on real data in which aerial images and the DSM obtained by LiDAR techniques were used, the average completeness and correctness were around 90%. Based on these experiments, and by the comparison with the angle-based and Z-buffer methods, it is possible to observe the coherence of the results and the potential of the proposed method for occlusion detection. In addition, the method seems to be faster than the angle-based and Z-buffer methods. In fact, the results obtained for the second experiment (see Fig. 5 ) showed that the processing time of the heightgradient-based method was 1.4 and 4 times faster than the angle-based and Z-buffer methods, respectively.
Future work includes some efforts for improving the proposed method, e.g., reduction of the noise level in the height gradient, parameter settings for more general classes of buildings, and treatment of multiple occlusions.
